We have been developing a hard X-ray polarimeter with high sensitivity, called as a PHENEX (Polarimetry for High ENErgy X rays) polarimeter. We constructed prototype PHENEX polarimeter and carried out a preliminary observation of the Crab Nebula on Jun. 13th 2006 as a balloon-borne experiment. Though we confirmed from the data that PHENEX polarimeter detected hard X rays from the Crab Nebula with a significance of 8 , the degree and the direction of polarization with high accuracy could not be determined because of the trouble for attitude control system (ACS) and the small detection area of the prototype polarimeter. We already have fixed the ACS trouble and improved the detector to realize the observation of the Crab Nebula with higher accuracy. In this paper, we will report the improvement of PHENEX polarimeter and present the expected performance of the improved PHENEX polarimeter. 
Introduction
IN X-ray astronomy, the information on energy spectrum, timing, and imaging has been utilized to understand the nature of the universe. Left out of these measurements to date is polarimetry, yet the observation of polarization brings us invaluable information such as radiation mechanisms in pulsars, the magnetic structure of supernova remnants and space-time curvature near black hole 1, 2) . Further, it is also useful for understanding the radiation mechanism in gamma ray bursts 3) . Despite its potential usefulness, no significant X-ray polarization measurement has been carried out for about 30 years since the observation of the Crab Nebula 4, 5) . This is because of the difficulty of developing an X-ray polarimeter with high sensitivity. Since the origin of the polarization is often due to non-thermal radiation processes such as synchrotron radiation, observations in the hard-X-ray region are possibly more important than that for the soft-X-ray region; it is expected that the degree of polarization in the hard-X-ray region would be higher than that at lower energies 6) . Therefore, we have been developing a hard X-ray polarimeter with high sensitivity 7, 8) , called PHENEX (Polarimetry for High ENErgy X rays) polarimeter 9, 10) . The PHENEX polarimeter is constructed in a modular fashion with an array of "unit counters". The unit counter is Compton-scattering-type polarimeter sensitive to the energy range from 40 keV to 200 keV and it has a modulation factor of 53% and a detection efficiency of 20% at 80keV. We constructed the prototype PHENEX polarimeter with four unit counters and then carried out balloon-borne experiment on June 13, 2006 to observe the Crab Nebula. Though we confirmed from the data that PHENEX polarimeter detected hard X rays from the Crab Nebula with a significance of 8 , the degree and the direction of polarization with high accuracy could not be determined because of the trouble for attitude control system (ACS) and the small detection area of the prototype polarimeter.
In August 2008, Dr. Dean etal. published a paper about the polarization of the Crab Nebula. In this paper, they reported that the polarization direction of the Crab in the energy range from 0.1MeV to 1.0MeV were 123±11 degrees 11) . On the other hand, Dr. Weisskopf etal. reported that the direction at the energy of 5.2keV were 152.6±4.0 degrees 4) . Thus, Trans. JSASS Aerospace Tech. Japan Vol. 8, No. ists27 (2010) Tm_36 polarization direction in gamma-ray range is different from that in X-ray range. It might be due to the difference of the radiation region for X rays from that for gamma rays. It is plausible that the radiation region for gamma rays is more concentrated around the center of the Crab Nebula than that for X rays. However, it is reported by Pelling etal. that the radiation region for hard X rays is rather concentrated in NE and SW region than in the center 12) . Thus, it is still unknown why the difference of the polarization direction appears. To clarify the puzzle, it is necessary to observe the polarization direction in the intermediate energy region between X rays and gamma rays. For this purpose, the PHENEX polarimeter has the potential because it is sensitive in hard X-ray region. It is at least required for the clarification to determine the polarization direction of the Crab with the accuracy of about 10 degrees though unfortunately the PHENEX polarimeter in 2006 did not have enough performance. Therefore, we fixed the ACS trouble and improved the PHENEX polarimeter to achieve this accuracy. In this paper, we described the improvement of the detector and the advance of the performance by the improvement.
Unit Counter
The unit counter consists of 36 (6×6) pieces of plastic scintillator surrounded by 28 pieces of CsI(Tl) scintillator. These 64 pieces of the scintillator are read out by one multianode photomultiplier (MAPMT) with 64 channels developed by HAMAMATSU Photonics Inc. Fig. 1 shows a schematic view for the unit counter. The pixel size of the multianode photomultiplier is 6.0×6.0 mm 2 and the size of scintillators is 5.5×5.5×40 mm 3 . Though the plastic scintillator is optically coupled to the MAPMT only with optical grease, for the CsI(Tl) scintillator a FOP (Fiber Optic Plate) is inserted with the optical grease. The FOP is useful to reduce optical crosstalk due to the ooze of the scintillation light from the CsI(Tl) scintillator to the MAPMT's channel for the plastic scintillator. As incident hard X ray enters into one of the plastic scintillator, Compton scattering occurs and then the scattered hard X ray is absorbed by one of the surrounding CsI(Tl) scintillators. The azimuthal scattering angle depends on the polarization direction of the incident hard X rays as shown in Eq. (1).
(1)
Since these scintillators are segmented, the 2-dimensional scattering direction can be measured by detecting both scattering position and absorption position, and hence the information on the polarization of the incident hard X rays can be obtained (Fig. 2) . The instrument field of view is constrained to 4.8degree (FWHM) by a collimator made of molybdenum (1 mm thickness). The side of the unit counter is covered by graded passive shields made of Pb (2mm thickness) and Sn (1mm thickness). Each energy deposit in the plastic and CsI scintillators is read out by the MAPMT, and the signals of each pixel are fed through charge-sensitive preamplifiers and shaping amplifiers to an Analog to Digital Converter (ADC) system for digitization. The unit counter performance has been investigated in detail using a polarized hard X-ray beamline (Beam Line 14A) in KEK, and it has been recognized that the unit counter has a modulation factor of 53% and a detection efficiency of 20% at 80keV 10) . In Table 1 , the basic parameters of the unit counter are summarized. Table 1 . Basic parameters of the unit counter. 
PHENEX Polarimeter
In 2006, we constructed a balloon-borne flight model, PHENEX, with four unit counters to observe the Crab Nebula. The instrument configuration for this flight is shown in Fig. 3 . In the center of the four symmetrically-arranged unit counters, the counter with CsI(Tl) scintillator (34×34×10 mm 3 ) is installed to monitor the flux from the Crab Nebula and then is called "monitor counter". The monitor counter has the same collimator as that of the unit counters and is co-aligned with them. It can be also used to confirm the correct function of ACS. The monitor counter and the four unit counters are all installed inside CsI(Tl) active shields. The whole assembly is housed in a pressure vessel and can rotate along the line of sight. This rotation is necessary to permit removal of systematic effects such as spurious modulation due to individual differences in the scintillators. During flight, a sun sensor was used for the monitor and control of the line of the sight for the PHENEX polarimeter. The sun sensor is a pinhole camera with a two dimensional position-sensitive photodiode. Its field of view is about 30 ×30 and it can determine the attitude of the polarimeter to an accuracy of about 1 degree. The ACS has the ability to track the Crab Nebula automatically using the output signal from the sun sensor.
Balloon Experiment in 2006
we have carried out balloon-borne experiment in Jun. 13 2006 at Sanriku Balloon Flight Center (39.162 degrees North, 141.82 degrees East) to preliminarily observe the polarization of the Crab Nebula in hard X-ray band. It successfully operated on the level flight and observed the Crab Nebula for about one hour at the altitude of ~38km, which corresponds to air mass of ~3.5g/cm 2 for the Crab Nebula. Analyzing the data, we investigated the counting rates for the 4 unit counters as shown in Fig.4 . The x axis corresponds to the elapsed time (minutes) from 0 hour at Jun. 13, 2006 . The solid line and the dotted line correspond to the counting rates and the acceptance of the polarimeter for the Crab Nebula, respectively. At 335 min, the balloon had been launched. The altitude was about 15 km at around 530 min which corresponds to the Pfotzer Maximum. The level flight was from 625 min to 1010 min. As shown in this figure, the counting rates have the strong correlation with the acceptance and it indicates that the polarimeter can detect the flux from the Crab Nebula. The ratio of the signal from the Crab Nebula to the background from the blank sky was about 1:3. Moreover, we investigated the distribution of the scattering angle on the OFF source observation. The result is shown in Fig.5 a) . From this result, we recognized that the PHENEX polarimeter did not make spurious modulation more than 1.8% on the observation of blank sky. On the other hand, we also investigated the distribution on the ON source observation. The result is shown in Fig.5 b) . Finally, subtracting the plot a) from the plot b), the subtracted distribution of the scattering angle are investigated. The contour plot of confidence level for the polarization direction and degree of the Crab Nebula were obtained as shown in Fig.6 13)
. This result is not inconsistent with the previous result by OSO 8 in X-ray band nor the recent one by INTEGRAL in gamma-ray region.
Improvement of PHENEX Polarimeter
To determine the degree and the direction more accurately, we improved the PHENEX polarimeter. In particular, we manufactured four more unit counters to install eight unit counters to the PHENEX polarimeter (Fig. 7) . It enlarges the detection area of the PHENEX polarimeter and achieves the effective area of two times more than previous one. Furthermore, this improvement also has another merit that signal-to-background ratio goes up. This merit is derived from the following. The previous version of the PHENEX polarimeter has empty slots as shown in Fig. 3 to install more unit counters. Through the space, external background could hit the unit counters. Because the empty slots are filled with 
Expected Performance of Improved PHENEX Polarimeter
At first, we estimated the background rate of the improved polarimeter using GEANT4 simulation. In the simulation, we considered the gamma-ray background spectrum at balloon altitude and used the accurate geometry including active/passive shields and collimators as shown in Fig. 8 . For the analysis of the simulation data, the data selection were as follows: 1) Events with an energy deposit above 190 keV for active shields were rejected; 2) Events with an energy deposit above 50 keV for any of the 36 plastic scintillator were rejected; 3) Events with an energy deposit above 150 keV for Fig. 7 . Improvement of the PHENEX polarimeter. The number of unit counters will be doubled and the empty space in the previous version is also filled with unit counters. These have two merits as follows: 1) enlargement of the detection area; 2) improvement of the signal-to-background ratio. 2) is because that the unit counter can also work as active shields for neighboring ones. Moreover, we do not also exclude the results of INTEGRAL. any of the 28 CsI(Tl) scintillator were rejected; 4) If there is no plastic scintillator with an energy deposit above 4 keV, the event was rejected; 5) If there is no CsI(Tl) scintillator with an energy deposit above 40 keV, the event was rejected; 6) Events with energy deposit in only one unit counter were selected. With computer simulation, we investigated the background for the polarimeters with four unit counters as well as for eight unit counters. Injecting 10 millions of gamma ray photons from 10 keV to 1000 keV with the energy spectrum shown in Eq. (2), the number of the triggered events are investigated. Fig. 9 shows the triggered events in each unit counter.
(2)
From the total numbers of them, background ratio goes up to 1.2 times although the effective area goes up to 2 times. Hence, it is expected that the signal-to-background ratio will go up to 1.7 times due to the enlargement. Considering the signal to-background ratio with 4 units obtained from the balloon experiment in 2006 11) , the ratio is estimated to be 1.0:1.5 in the case of 8 units.
So we estimated the expected performance of the improved PHENEX polarimeter by Eq. (3) of MDP (Minimum Detectable Polarization).
(3)
For this, we took the following assumptions into consideration : 1) 3 hour's observation of the Crab Nebula at the level flight with enlarged PHENEX polarimeter (8 unit counters); 2) 1.0:1.5 as signal-to-background ratio calculated from the computer simulation described above; 3) 0.1cps as signal rate per one unit from the data on previous balloon-borne experiment. As the result, the minimum detectable polarization is estimated to be 11% for this configuration and observing time. In addition, the MDP calculated for any observing time is shown in Fig. 10 . Furthermore, we calculated by another computer simulation the accuracy of the determination for the degree and the direction of the polarization. So we recognized that the degree and the direction of the polarization would be determined with accuracy of about ±5% and ±9degrees respectively if the degree of polarization of the Crab Nebula in hard X-ray region would be more than 30%.
Conclusion
We have been developing a hard X-ray polarimeter with high sensitivity, called as a PHENEX (Polarimetry for High ENErgy X rays) polarimeter. We carried out preliminary observation for the polarization of the Crab Nebula in June 2006 with the prototype PHENEX polarimeter. Although the polarimeter detected hard X rays from the Crab with a significance of 8 , the degree and the direction of polarization with high accuracy could not be determined in this observation. We have improved the PHENEX polarimeter to realize the observation of the Crab Nebula with higher accuracy. In particular, we constructed the PHENEX polarimeter with eight unit counters to enlarge the detection area as twice and to improve signal-to-background ratio. We estimated the background rate of the enlarged detector using GEANT4 simulation and it was recognized that the signal-to-background ratio will go up to 1.7 times due to the enlargement and background reduction due to shieldings. Then we estimated the expected performance of the improved PHENEX polarimeter assuming 3 hour's observation and the signal-to-background ratio(1.0:1.5) estimated from computer simulation. As the result, it was recognized that the polarization of Crab Nebula was detectable with the significance of 3 sigma if Crab Nebula was polarized more than 11%. Furthermore, we calculated by another computer simulation the accuracy of the determination for the degree and direction of the polarization. As the result, it was recognized that these would be determined with accuracy of about ±5% and ±9degrees respectively if the degree of polarization of the Crab Nebula in hard X-ray region would be as signal-to-background ratio calculated from a computer simulation using GEANT4; 3) 0.1cps as signal rate per one unit from the data on previous balloon-borne experiment. Although the number of the unit counters goes up to 2 times, background events increase little. more than 30%. In addition, we have also improved the unit counter itself such as gain optimization and reinforcement of passive shield. By these improvements, the detection efficiency around 40keV and signal-to-background ratio goes up. However, we have not yet considered the effects of these improvements in our simulation or calculation. Therefore, more higher performance will be expected if we include these effects in consideration.
